In Brief
Using an optimized protocol for singlemolecule transcript imaging of the intact pancreas, Farack, Golan, et al. reveal that a small subset of beta cells harbors elevated levels of ribosomes and insulin mRNA, suggesting a sub-specialization in basal insulin secretion. 
Optimized smFISH protocol in the intact pancreas

INTRODUCTION
The endocrine cells in the pancreatic islets of Langerhans secrete insulin and glucagon in response to glucose perturbations to maintain glucose homeostasis. The insulin-secreting beta cells exhibit morphological, functional, and molecular variations, suggesting that they may consist of sub-populations with specialized tasks and physiological responses (Gutierrez et al., 2017; Roscioni et al., 2016) . Features of beta cell heterogeneity include glucose responsiveness and secretory activity (Dorrell et al., 2016; Kiekens et al., 1992; Salomon and Meda, 1986; Van De Winkel and Pipeleers, 1983) , proliferative capacity (Bader et al., 2016; van der Meulen et al., 2017; Singh et al., 2017) , and electrical activity (Benninger et al., 2014; Bertram et al., 2000; Johnston et al., 2016) . Single-cell RNA sequencing (RNA-seq) studies (Baron et al., 2016; Li et al., 2016; Muraro et al., 2016; Segerstolpe et al., 2016; Wang et al., 2016; Zeng et al., 2017) identified sub-populations of beta cells with distinct molecular signatures, for example, in the expression of genes related to endoplasmic reticulum (ER) and oxidative stress. Studies using quantitative RT-PCR identified heterogeneity in the insulin mRNA content of individual beta cells (Bengtsson et al., 2005) . However, transcriptional heterogeneity has not been demonstrated in situ.
Exploring beta cell heterogeneity in the intact pancreas requires sensitive techniques to visualize mRNA in situ. Singlemolecule fluorescence in situ hybridization (smFISH) has been applied to visualize individual mRNA molecules in diverse mammalian tissues (Halpern et al., 2017; Lyubimova et al., 2013; Moor et al., 2017) as well as in dispersed beta cells (Bahar Halpern et al., 2015; Klochendler et al., 2016) . However, this technique has not been successfully implemented in the pancreas. Here, we have optimized the smFISH protocol to facilitate the detection of individual transcripts in the intact mouse pancreas. Using this method, we identified a sub-population of beta cells with higher content of mRNA for insulin and other secretory genes, higher amounts of proinsulin yet lower levels of insulin protein in a fasted state. These cells carry a distinct pattern of polarized mRNA localization and expand in proportions in diabetic db/db mice. Our findings thus highlight fundamental features of beta cell heterogeneity, which may be related to distinct functional specialization.
Design smFISH has emerged as a powerful tool to assay molecular signatures of individual cells in intact mammalian tissues . Visualizing transcripts in the pancreas, however, has been infeasible without the use of specialized techniques such as photoswitchable dyes (Cui et al., 2018) . We have optimized the standard tissue smFISH protocol (Lyubimova et al., 2013) by substantially increasing the period of mRNA denaturation, which precedes the probe hybridization steps, from 5 min to at least 3 hr. In addition, we increased formamide concentrations in both the denaturating wash buffer and hybridization buffer from 10% to 30% (STAR Methods; Methods S1; Figure 1 ). These modifications facilitated visualizing mRNA of any gene of interest at single-molecule resolution in intact pancreatic tissues ( Figure 1A ).
RESULTS
Single-Molecule Fluorescence In Situ Hybridization in the Intact Pancreas Reveals Transcriptional Heterogeneity of Insulin
We used our optimized smFISH protocol to measure the cellular mRNA levels of insulin 2 (Ins2). Expression was highly heterogeneous, with mRNA concentrations in cells residing in the same islet often exceeding 2-fold of the median ( Figures 1C, 1D , and S1). The distribution of cellular mRNA strongly deviated from normal distribution and was better fitted by a log-normal distribution ( Figures 1D and S2 ). Broad distributions of insulin mRNA levels have been previously measured in dispersed single beta cells (Bengtsson et al., 2005) . Our observations demonstrated that this heterogeneity exists within individual islets rather than being generated by distinct insulin expression levels in islets from different pancreatic lobes. We termed the beta cells for which Ins2 expression exceeded 2-fold the median (A) Pancreatic tissue hybridized with smFISH probes for Actb mRNA (red dots) and Acly mRNA (green dots). DAPI-stained nuclei are in blue. Dashed white curve marks the border between an islet and the exocrine tissue. Acly mRNA is highly enriched in endocrine cells of the islet compared to the surrounding exocrine cells, whereas Actb is expressed both within and outside the islet. Yellow is the autofluorescent signal of erythrocytes detected in both channels for Actb and Acly mRNA. (B) A modified smFISH protocol, using higher formamide concentrations (FA, 30% v/v) and extended mRNA denaturation periods, facilitates single mRNA detection in the intact pancreas (STAR Methods, Methods S1).
(C) An example of an islet stained with smFISH probes for Ins2 mRNA (gray), demonstrating transcriptional heterogeneity among neighboring beta cells. Due to the abundance of Ins2, individual mRNA cannot be discerned; however, cytoplasmic intensity correlates with mRNA content (Little et al., 2013 ). An extreme beta cell is marked with an arrow. DAPI-stained nuclei are in blue, and phalloidin in red labels the cell membranes.
(D) Distribution of cellular mRNA levels of insulin across beta cells is skewed. Expression is in units of multiple of the median (MoM) cell intensity within the islet. Extreme beta cells are defined as beta cells for which insulin expression exceeded 2-fold the median expression within the containing islet (n = 1,074 cells; 27 islets; 6 mice). All scale bars: 10 mm.
expression within the containing islet ''extreme'' beta cells. The proportions of extreme beta cells were highly variable among different islets (7% ± 4%; 27 islets; 6 mice). While the spatial distributions of extreme cells were highly heterogeneous among islets, they preferentially appeared in clusters and were more abundant in the center of the islets ( Figure S3 ).
Extreme Cells Have Higher Expression Levels of Beta
Cell Genes Associated with Insulin Secretion Variability in cellular mRNA levels can stem from intrinsic or extrinsic sources. Intrinsic variability in the mRNA levels of a gene can originate from the stochastic, bursty nature of transcription. Such variability has been demonstrated in bacteria, yeast, and mammalian cells (Eldar and Elowitz, 2010; . In contrast, extrinsic variability stems from differences between cells in the concentrations of components that are controlling more than one gene, such as activated transcription factors. As such, intrinsic variability results in noncorrelated variations, whereas extrinsic variability gives rise to correlated variations in the expression of different genes among different cells (Elowitz et al., 2002) .
To discern between extrinsic and intrinsic variability, we performed simultaneous smFISH for pairs of genes that are associated with insulin secretion. In mice, insulin is encoded by the two genes Ins1 and Ins2 (Wentworth et al., 1986) . We found a strong correlation between the levels of these two genes (R = 0.98; p < 10 À212 ) and significantly higher levels in extreme cells for and function in rodents-Pdx1, Ucn3, Slc2a2, and Acly (Blum et al., 2012; Chu et al., 2010; Gao et al., 2014; McCulloch et al., 2011; Thorens and Roduit, 1994 )-yet not for Rnase4 or Mt1, encoding the zinc buffer metallothionein 1 ( Figure S4 ). Thus, extreme cells carry a distinct molecular signature consisting of elevated levels of both insulin and other genes related to its processing and secretion. 3D ; ratio of extreme over non-extreme equals 2.2, p < 10 À3 ).
Thus, extreme cells have higher concentrations of ribosomes and seem to be translating more insulin protein compared to non-extreme beta cells. The relative abundance of ribosomal components and proinsulin in extreme cells suggested that they may also contain higher levels of mature insulin protein. Surprisingly, using immunofluorescence measurements of the mature insulin proteins, we found that extreme cells had significantly lower protein levels (Figures 4A and 4B; ratio of extreme over non-extreme equals 0.7; p < 10 À3 ). The relative depletion of insulin protein was even more striking when examining the protein per mRNA ratios ( Figure 4C ; ratio of extreme over non-extreme equals 0.2; p < 10
À19
), a factor that is correlated with the ratios of protein degradation and secretion over protein translation (Schwanh€ ausser et al., 2011) . The lower levels of insulin proteins in extreme cells could mean that insulin transcripts are less efficiently translated, that insulin proteins are preferentially degraded, or that they are secreted at a higher rate. The previously reported long protein lifetime of insulin in beta cells (Michael et al., 2006) and our findings of increased ribosome content, as well as Pcsk2 levels in extreme cells, suggest that extreme beta cells may have higher secretion rates compared to non-extreme beta cells, rather than lower translation rates or protein stability. Thus, extreme cells may be tuned toward basal secretion of insulin rather than toward its storage. Notably, however, extreme cells did not exhibit increased accumulation of insulin protein compared to non-extreme cells upon in vivo and ex vivo application of diazoxide (data not shown), a potassium channel opener that reduces insulin secretion (Gembal et al., 1992) .
Extreme Cells Have an Intra-cellular Apical Polarization of mRNA Beta cells are highly polarized cells that are spatially arranged in rosette-like structures, with a basal side facing a venous capillary and an apical side surrounded by an arterial capillary (BonnerWeir, 1988; Gan et al., 2017; Geron et al., 2015; Granot et al., 2009; Weir and Bonner-Weir, 1990 ). Distinct beta cell faces have been shown to have different properties. The lateral sides are enriched with molecules such as glucose transporters (Orci et al., 1989) and are the sides of more active insulin secretion (Takahashi et al., 2002) , whereas the apical sides are the sites of primary cilia projections (Gan et al., 2017) . We found that insulin mRNA in extreme cells was strongly concentrated at the apical sides of the cells ( Figures 5A and 5B). Notably, the intra-cellular localization of mRNA did not overlap the baso-lateral localization of mature insulin and the juxtanuclear localization of proinsulin ( Figure 5C ), an intra-cellular domain previously shown to overlap with the Golgi apparatus (Haataja et al., 2013) . Thus, extreme beta cells exhibit an intracellular polarization pattern consisting of distinct domains for mRNA and ribosomes and nascent and mature proteins (Figure 5D ). The apical polarization of mRNA in extreme cells was not unique to insulin. Rather, the mRNA of other genes such as the neuropeptide Ucn3 and the glucose transporter Slc2a2, as well as the ribosomal RNA28s, was also more concentrated in this apical compartment ( Figures 5E and 5F ). The enrichment of both mRNA and ribosomal RNA in the apical domain of extreme cells suggests that this is an intra-cellular region with active translation rather than mRNA storage.
To further validate these morphological features of extreme cells, we imaged isolated islets using transmission electron microscopy (TEM). We identified a minority of cells with an extended apical ER (25 out of 224 beta cells; Figures 5G and S5), consistent with our smFISH-based finding on apical enrichment of ribosomal RNA. These cells were relatively depleted of insulin granules, supporting our hypothesis that extreme cells are tuned for both higher translation and higher rates of basal secretion.
Db/db Mice Have Increased Proportions of Extreme Cells
The endocrine pancreas has a remarkable capacity to adapt to elevated blood glucose levels associated with insulin resistance. This adaptation has been shown to entail an increase in the amount of insulin per beta cell, as well as beta cell hypertrophy and hyperplasia (Bock et al., 2003; Dalbøge et al., 2013; Rhodes, 2005) . To examine whether insulin resistance affects the balance between extreme and non-extreme beta cells, we performed smFISH measurements of Ins2 on diabetic db/db mice and age-matched controls. The islets in db/db mice were larger, as previously shown (Dalbøge et al., 2013) . Notably, islets in db/db mice exhibited a significant increase in the proportion of extreme cells, as seen from the consistent shift in intra-cellular mRNA polarization ( Figure 6 ). As in the controls, insulin protein and mRNA had opposite intra-cellular localization in extreme cells from db/db mice ( Figure S6 ). Thus, islet compensation for the systemic insulin resistance in db/db mice entails an increase in the relative proportions of extreme cells. S7C-S7E). This approach enables exploring pancreatic cell identity while preserving tissue spatial context and can be applied in different metabolic states, in pathologies ranging from diabetes to pancreatic cancer (Ferreira et al., 2017; Hingorani et al., 2003; Yachida et al., 2010) and during organ development (Benitez et al., 2012; Jørgensen et al., 2007; Kim et al., 2015; Sander and German, 1997; Zeng et al., 2017) and regeneration (Aguayo-Mazzucato and Bonner -Weir, 2018; Dor et al., 2004; Nir et al., 2007; Pagliuca and Melton, 2013; Porat et al., 2011) . Our technique is also well suited to study dynamics of transcription, mRNA processing, and nuclear mRNA retention, a prominent feature that has been described in ex vivo islets (Bahar Halpern et al., 2015) in the intact pancreatic tissue. This technology will also form an important complement to single-cell RNA-seq efforts to map the cell types in the human pancreas (Regev et al., 2017) .
Beta cells need to be optimally tuned for two distinct tasks-a constant basal secretion of insulin throughout the day and an abrupt increase in insulin secretion following meals to compensate for the acute elevation in blood glucose levels. These two goals may be mutually exclusive-the capacity to rapidly secrete massive amounts of insulin following a meal requires producing and storing insulin granules over extended times rather than constantly secreting them. Division of labor, where the goals of basal and abrupt secretion are assigned to two distinct pools of beta cells could be a strategy to alleviate this trade-off.
Our study revealed a minority of extreme beta cells that contain higher transcript levels of insulin and other secretory (1) with insulin mRNA polarized on the apical side and a non-extreme beta cell (2) for which insulin mRNA is more uniformly distributed across the cytoplasm. (D) The distribution of pixel intensities for these two cells shows a stronger positive skew for the extreme (cell 1; skew = 1.2) compared to the non-extreme beta cell (cell 2; skew = 0.7). (E) Quantification of pixel intensity skewness as a proxy for insulin mRNA polarization for B6 (n = 302 cells; 3 mice) and db/db mice (n = 272 cells; 3 mice). The positive shift in the skewness for db/db compared to B6 mice (p < 10 À24 ; two-sample Kolmogorov-Smirnov test) indicates stronger polarization of insulin mRNA and an enrichment of extreme beta cells in diabetic db/db mice.
Developmental Cell 48, 1-11, January 7, 2019 7 genes and higher content of ribosomes and proinsulin, but notably lower ratios of insulin protein per mRNA in a fasted state. These properties suggest that extreme cells may be specialized for basal insulin secretion. They may be constantly translating large amounts of insulin proteins, but rather than storing granules intra-cellularly, they preferentially secrete them in fasted states when blood glucose levels are normal ( Figure 7A ). In contrast, the pool of non-extreme cells might be tuned for accumulating large amounts of insulin during fasted states to facilitate the required burst of secretion after a meal. The lower levels of insulin protein, together with the higher levels of proinsulin in extreme cells, could alternatively be explained by higher cellular degradation rates of the mature insulin protein, rather than higher rates of secretion. Notably, however, Kiekens et al. (1992) previously identified a sub-population of beta cells with higher levels of proinsulin in a fasted state, a feature we have also observed for extreme cells ( Figures 3B  and 3D ). These cells were both metabolically more active and contained a similar ratio of labeled newly made insulin per proinsulin compared to the other beta cells (Kiekens et al., 1992) , arguing against increased protein degradation in extreme cells. To examine the hypothesis that extreme beta cells have a higher insulin secretion rate, we performed diazoxide treatment but did not observe increased accumulation of insulin protein in extreme cells (data not shown). It could be that extreme cells have a higher baseline potassium channel activity compared to nonextreme cells, which could result in an incomplete block of secretion by diazoxide (Gembal et al., 1992) . A functional proof of the distinct secretory activity of extreme cells would necessitate approaches to dynamically measure secretion from entire beta cells before fixation for exploration using smFISH. Emerging technologies would enable such future exploration into the dynamic properties of extreme and non-extreme cells in different metabolic states.
The picture of two functionally distinct pools of beta cells could also account for islet malfunction in insulin-resistant states. A hallmark of insulin resistance, which is observed also in db/db mice, is the lack of first-phase insulin secretion (Pfeifer et al., 1981; Unger and Orci, 2010) . In healthy states, insulin is released in a biphasic manner due to a rapid and sustained increase of glucose following a meal. In the first phase, insulin levels are abruptly elevated over a timescale of 4 to 8 min. The secretory rate then decreases and subsequently gradually increases during the second phase that lasts as long as glucose levels remain high (Henquin et al., 2006) . In stark contrast, in diabetic states, glucose-stimulated insulin response lacks the first phase and only ramps up slowly for the second-phase response, leading to elevated blood glucose levels and a slow decline toward the basal glucose level.
Our work suggests that this lack of first-phase insulin secretion could be associated with the change in proportion of extreme and non-extreme cells. In an insulin-resistant state, higher insulin levels are needed in the basal state, to counteract the constantly elevated blood glucose levels. Increased proportions of extreme cells, which are tuned for basal secretion, could be effective in resisting the elevated basal glucose levels. This increase comes at a price, however, of lowering the ability to respond to glucose meals by depleting the non-extreme cells that specialize in the acute glucose response. Thus, the change in proportions of extreme and non-extreme beta cells could be an additional compensatory mechanism to beta cell hyperplasia and hypertrophy aimed at lowering basal blood glucose levels in insulin-resistant states ( Figure 7B) . Notably, extreme beta cells have higher mRNA levels of Ucn3 and Pdx1 and are thus likely distinct from the recently identified Ucn3-low virgin cells (van der Meulen et al., 2017) and Pdx1-low hub cells (Johnston et al., 2016) .
Insulin mRNAs are highly stable with a half-life of 30-80 hr, depending on the metabolic state (Welsh et al., 1985) . Thus, reducing the insulin transcripts from the typical levels observed in extreme cells to those in non-extreme cells would require a few days, even in the case of complete cessation of insulin transcription. Thus, the extreme cell state is relatively stable. Future work will examine the dynamics of the shift between nonextreme and extreme cells, the timescales involved, and the potential of the islets to switch back to the normal extreme cell proportions, e.g., when reverting from a high-fat diet.
A notable feature of extreme beta cells is their apical polarization of mRNA. The beta cell cytoplasm of these cells is highly compartmentalized, with mRNA of insulin and other genes, as well as ribosomal RNA, concentrated in an apical ER-enriched compartment, nascent insulin concentrated in a juxtanuclear compartment, and mature insulin in the baso-lateral sides of the cells. Thus, proteins and mRNA in extreme cells seem to be localized in different compartments. Such non-overlapping localization of mRNA and proteins has been recently demonstrated in the intestinal epithelium . Future work will explore the mechanisms that give rise to this unique global intra-cellular polarization pattern (Buxbaum et al., 2015; Martin and Ephrussi, 2009 ) and the potential advantages such organization may confer for beta cell function. The development A B Figure 7 . Model of Extreme and Nonextreme Beta Cells (A and B) Extreme beta cells are highly enriched in insulin mRNA and ribosomes but (A) contain lower levels of secretory insulin granules compared to non-extreme beta cells in a fasted state. They might be engaged in basal insulin secretion, whereas non-extreme cells store insulin granules to prepare for a glucose challenge. The non-extreme beta cells can therefore release massive amounts of stored insulin during a glucose challenge, as part of the first phase of insulin response. (B) The ratio of extreme over non-extreme beta cells is increased in insulin-resistant db/db mice. The increase of extreme cells might be a result of long-term hyperglycemia and reflects the need for basal insulin secretion at the costs of losing the first phase of insulin response and therefore the ability to respond to the glucose stimulation of a meal.
of new tools for sorting cells based on their mRNA content (Arrigucci et al., 2017; Klemm et al., 2014; Rouhanifard et al., 2018) will facilitate deeper characterization of additional features of extreme cells such as epigenetic modifications and proteome characterization. These future studies will shed more light into the biology of this sub-population of beta cells.
Limitations
As with traditional smFISH, our technique has lower signal to noise ratio for very short transcripts, since it requires the specific accumulation of sufficient numbers of singly labeled probes. The method currently allows simultaneous imaging of up to three genes. Notably, the protocol improvements we have performed could be combined with other technologies for smFISH that enable higher throughput through combinatorial labeling of probe libraries and multiple rounds of hybridizations (Chen et al., 2015; Lubeck et al., 2014; Moffitt and Zhuang, 2016; Shaffer et al., 2017; Shah et al., 2016) . While smFISH has single-molecule resolution, discerning signal from non-specific fluorescent spots could be challenging for very lowly expressed genes. Examples of such genes of interest include some long non-coding RNA (Akerman et al., 2017) as well as disallowed beta cell genes (Pullen et al., 2017) . In addition, while we presented combined detection of mRNA and protein via simultaneous immunofluorescence and smFISH (STAR Methods), the implementation of this approach strongly relies on the specificity and sensitivity of the antibodies and would require fine-tuning and optimization. The present study was confined to murine islets and will require confirmation in human islets.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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The following reference appear in the Supplemental Information: Parikh et al., 2012. supernatant was removed and the tissue was re-suspended in 4 ml Histopaque (Sigma 11191) in a 15 ml falcon tube. To the same tube, 4 ml of Histopaque (Sigma 10771) was added dropwise followed by 3 ml of RPMI medium. Centrifugation was set to 2500 rpm at 4 C without brakes and acceleration for 20 min to separate pancreatic islets from the exocrine tissue. Islets were picked with a Pasteur pipette and washed twice with 10 ml RPMI 1640 complete medium (11mM glucose, 10% FBS, 1% penicilin/streptomycin, and 1% L-glutamine). Islets were handpicked under the binocular.
Transmission Electron Microscopy
Following isolation, pancreatic islets were immediately fixed with 3% paraformaldehyde (Electron Micrsocopy Sciences, EMS), 2% glutaraldehyde (EMS), 3% sucrose (J.T. Baker) in 0.1 M cacodylate buffer containing 5 mM CaCl 2 (pH 7.4), postfixed in 1% osmium tetroxide (EMS) supplemented with 0.5% potassium hexacyanoferrate tryhidrate (Merck) and potasssium dichromate (Merck) in 0.1 M cacodylate for 1 h, stained with 2% uranyl acetate (EMS) in double distilled water for 1 h, dehydrated in graded ethanol solutions and embedded in epoxy resin (Agar scientific Ltd., Stansted, UK). Ultrathin sections (70-90 nm) obtained with an Ultracut UCT microtome (Leica) were stained with lead citrate and then examined using a FEI Tecnai SPIRIT (FEI, Eidhoven, Netherlands) transmission electron microscope operated at 120 kV. Images were recorded either with a bottom mounted 2k X 2k Eagle CCD camera (FEI, Eindhoven; Figure 5G left panel) or a MegaView III side-mounted Olympus TEM CCD camera (Olympus Ireland, Dublin; Figure 5G right panel; Figures S5B and S5C) . Figure S5A , images were recorded using a Philips CM-12 transmission electron microscope equipped with a Gatan OneView camera. Serial sections were stitched with the Software SerialEM (Mastronarde, 2005) . To quantify the fraction of putative extreme cells in the TEM images we included all beta cells with an apparent nucleus in the sectioned slice (224 cells). Extreme cells were identified as cells with an expanded ER close to the cell border and low insulin granule counts.
Single Molecule FISH
The construction of the probe library, hybridization procedure and imaging conditions were previously described Lyubimova et al., 2013; . A detailed description of the protocol is given in the Supplementary protocol file (Methods S1). In brief, probe libraries were designed using the Stellaris FISH Probe Designer (Biosearch Technologies, Inc., Petaluma, CA). Libraries consisted of 17-96 probes each of length 20 bps, complementary to the coding sequence of each gene (Table S1 ). As a modification of the standard tissue smFISH protocol (Lyubimova et al., 2013) , formamide concentration of the washing and hybridization buffers were increased to 30%. Notably, the washing buffer has to be prepared fresh. In addition, an elongated incubation of at least 3 hours with the washing buffer was applied before hybridizing with the probe libraries. smFISH probe libraries were coupled to Cy5 (GE Healthcare, PA25001), Alexa594 (Thermo Fisher, A37572) and TMR (Molecular Probes, C6123). Nuclei were stained with Dapi (Sigma-Aldrich, D9542). To detect cell borders, alexa fluor 488 conjugated phalloidin (Thermo Fisher, A12379) or rhodamine conjugated phalloidin (Thermo Fisher, R415), was added to the GLOX buffer wash for 15 minutes. Slides were mounted using ProLong Gold (Molecular Probes, P36934). Beta cells were detected according to their insulin smFISH or antibody signal.
Immunofluorescence
To combine smFISH and immunofluorescence, OCT embedded tissues were sectioned (5 mm), fixed with 4% Formaldehyde, and permeabilized with 70% ethanol for 2 hours. Antigen retrieval required for Proinsulin was carried out by boiling citrate buffer (pH 6) for 10 minutes and slowly cooling down to room temperature thereafter. Sections were washed in RNase-free PBST (0.1% Tween) before and after proceeding with the smFISH protocol (Methods S1; steps 15-24). Following the hybridization with the probe libraries and washing with 30% formamide wash buffer, the sections were blocked and incubated for 1h at room temperature with guinea pig anti-Insulin antibody 1:1000 (Dako, A0564) and mouse anti-proinsulin 1:50 (DSHB, GS-9A8-c). Detection was performed with the secondary antibodies goat anti-guinea pig FITC 1:200 (Abcam, ab6904), goat anti-mouse Alexa Fluor 594 1:200 (Thermo Fisher, A11005) for 1 hour at room temperature.
Imaging smFISH imaging was performed on a Nikon-Ti-E inverted fluorescence microscope equipped with a 1003oil-immersion objective and a Photometrics Pixis 1024 CCD camera using MetaMorph software (Molecular Devices, Downington, PA) as previously reported . The image-plane pixel dimension was 0.13 mm. Quantification was performed on stacks of five optical sections with Z spacing of 0.3 mm, in which not more than a single cell was observed.
QUANTIFICATION AND STATISTICAL ANALYSIS
Image Analysis ImageM, a custom Matlab program (Lyubimova et al., 2013) , was used to compute single-cell mRNA concentrations by segmenting each cell manually according to the cell borders and the nucleus. The selection of beta cells was verified by insulin smFISH or antibody staining.
The size of the nucleus was detected automatically by the program according to the DAPI signal. For each cell, the cytoplasmic mRNA and protein concentration was calculated as the mean background-subtracted intensity. For each channel, the background signal was defined by first calculating the median intensity of all nuclear voxels for each cell and z-stack and then by calculating the median of the lower 50 percentile nuclear intensities of all segmented cells. For Ins2, Ins1, Iapp, Chga, Pcsk2, and Rn28s transcript concentrations of each beta cell were measured by cytoplasmic cell intensity. To this end, for each cell we computed the average background-subtracted voxel intensity over all cytoplasmic voxels. Extreme beta cells were defined as cells for which insulin expression exceeded 2-fold the median insulin expression within the containing islet. For other genes with lower transcript numbers and single dot resolution the transcript concentration was calculated by the number of all cellular dots per cell volume. For Abcc8 only cytoplasmic transcripts were considered, since it exhibited elevated nuclear retention of mRNA (Bahar Halpern et al., 2015) . The concentration of proinsulin was calculated by the summed dot intensity for each cell. For all methods of quantification, we normalized the concentrations by the median transcript concentration of the corresponding islet. Thus, expression was computed in units of multiple of the median (MoM) cell intensity.
Line profiles for single cells ( Figure 5 ) were generated using ImageJ and set from basal to apical. We used the ImageJ plugin plot profile to calculate the line profile for every channel Schindelin et al., 2012) . Each line profile was normalized to the minimum and maximum intensity. For extreme beta cells, the polar domains and the non-polar cytoplasmic domains (Figures 5E and 5F) were manually segmented with ImageJ according to insulin mRNA intensity. For each domain, single transcripts were detected automatically with ImageM. The transcript concentrations were calculated as the transcript number per volume. The expression of rRNA Rn28s was measured by the mean background-subtracted intensity for each domain. The background was estimated by the 5 percentile image intensity. Images were visualized and processed using ImageJ 1.51h (Schindelin et al., 2012) and Adobe Illustrator CC2018. In Figures S7C-S7E , images were processed using ImageJ plugins by first subtracting the background (rolling ball radius 1), smoothing, multiplying by 5, and adding the amplified dot signal to the original image. Figures 1A and S7A were processed with a Laplacian of Gaussian filter . Figures 1A and S6A were stitched with ImageJ.
Statistics
P-values for comparison of expression were obtained by Wilcoxon rank-sum tests on extreme and non-extreme beta cells unless otherwise stated. Statistical analysis and data visualization were performed with MATLAB R2016b and RStudio v3.4.1. Boxplots were created with MATLAB, PlotStyle traditional. Box plot elements: center line, median; box limits, first to third quartile (Q1 to Q3); whiskers, extend to the most extreme data point within 1.53 the interquartile range (IQR) from the box; circles, data points; red crosses indicate outliers. The distribution of cellular insulin mRNA was fitted to a normal and a log-normal distribution ( Figure S2 ). The fitted sample data was displayed as a Quantile-Quantile plot, QQ plot, versus the theoretical data of a Standard Normal distribution.
To determine whether extreme beta cells were spatially clustered ( Figure S3B ), we fully segmented and analyzed 31 islets from 7 mice. We created a graph for each islet, in which cells were nodes and cells separated by less than 4 mm were connected by an edge. We calculated the mean shortest path distance along the graph among all pairs of cells within the top 10% expression range of insulin. To obtain a p-value we randomly shuffled the expression values among islet cells and recalculated the mean graph distance over 1,000 iterations. We used the real and randomized mean graph distances among top 10% cells to calculate a Z-score and used the normal distribution to obtain p-values. We used Fisher's method to combine p-values for all islets. For each islet, we removed cells with insulin levels below the 10 percentile value when reshuffling, to avoid including rare segmented non-beta cells. To assess the radial preference of extreme cells we computed the distance of each extreme cell to the islet periphery, defined as the convex hull of all islet-segmented cells and normalized by the radius of the islet, defined as half of the maximal inter-cellular distance.
